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Objective: Primary cilia are present in almost every cell type including chondrocytes. Studies have shown
that defects in primary cilia result in skeletal dysplasia. The purpose of this study was to understand how
loss of primary cilia affects articular cartilage.
Design: Ift88 encodes a protein that is required for intraﬂagellar transport and formation of primary cilia.
In this study, we used Col2aCre;Ift88ﬂ/ﬂ transgenic mice in which primary cilia were deleted in chon-
drocytes. Col2aCre;Ift88ﬂ/ﬂ articular cartilage was characterized by histological staining, real time RT-PCR,
and microindentation. Hedgehog (Hh) signaling was measured by expression of Ptch1 and Gli1 mRNA.
The levels of Gli3 proteins were determined by western blot.
Results: Col2aCre;Ift88ﬂ/ﬂ articular cartilage was thicker and had increased cell density, likely due to
decreased apoptosis during cartilage remodeling. Mutant articular cartilage also showed increased
expression of osteoarthritis (OA)markers includingMmp13, Adamts5, ColX, and Runx2. OAwas also evident
by reduced stiffness in mutant cartilage as measured by microindentation. Up-regulation of Hh signaling,
which has been associatedwith OA, was present inmutant articular cartilage asmeasured by expression of
Ptch1 and Gli1. Col2aCre;Ift88ﬂ/ﬂ cartilage also demonstrated reduced Gli3 repressor to activator ratio.
Conclusion: Our results indicate that primary cilia are required for normal development and maintenance
of articular cartilage. It was shown that primary cilia are required for processing full length Gli3 to the
truncated repressor form. We propose that OA symptoms in Col2aCre;Ift88ﬂ/ﬂ cartilage are due to reduced
Hh signal repression by Gli3.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Once thought to be a vestige of evolution, primary cilia are now
considered as an important organelle regulating many cellular
functions. Primary cilia are formed from centrioles. Unlike motile
cilia, primary cilia are generally immotile and comprised of a (9þ 0)
microtubule doublet arrangement1,2. Formation and maintenance
of primary cilia are carried out by a process called intraﬂagellar
transport (IFT). IFT proteins associate with motors, kinesin or
dynein, to carry cargos into or out of cilia, respectively. Deletion of
IFT or motor proteins from a cell results in depletion of primary
cilia. Primary cilia serve as cellular antenna to transduce signals for
Hedgehog (Hh), canonical/noncanonical Wnt, Platelet DerivedR. Serra, Department of Cell
University Blvd., 660 MCLM,
5-934-0842.
s Research Society International. PGrowth Factor, and ﬂuid ﬂow3,4. In humans, defects in primary cilia
are associated with genetic disorders called ciliopathies5,6. The
clinical symptoms include polycystic kidneys, brain malformation,
situs inversus, retinal degeneration, obesity and skeletal dysplasia,
reﬂecting the diverse functions of primary cilia.
The role of primary cilia in different aspects of skeletal develop-
ment has been shown in several studies using mouse models7,8.
Primary cilia are important for embryonic skeletal development
including limb patterning and endochondral bone formation9. Post-
natally, primary cilia are important for growthplate organization10. In
articular cartilage, the orientation of primary cilia has been shown
and it has been suggested, based on interaction of the ciliumwith the
matrix, that primary cilia on chondrocytes play a role in sensing
mechanical signals11e13. Nevertheless, the role of primary cilia in
development and maintenance of articular cartilage is still unclear.
Among the signaling pathways that can be regulated by primary
cilia, Hh signaling is the most studied. The signaling events start
from binding of Hh ligand to the receptor, Patched (Ptch), whichublished by Elsevier Ltd. All rights reserved.
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ened (Smo). Smo transduces signals to Gli transcription factors,
which enter the nucleus and regulate target genes (reviewed in
Ref. 8). It has been shown that components of Hh signaling such as
Smo14, Suppressor of fused (Sufu), and Gli proteins are enriched in
primary cilia15. Translocation of Smo to the primary cilia is required
to activate Hh signaling in response to ligand (Reviewed in Ref. 8).
Moreover, primary cilia are required for proteolytic cleavage of the
full length Gli3 activator to a repressors form in the absence of Hh
ligand15,16. In the absence of primary cilia, both the ligand-
mediated activation of Gli and ligand-independent processing of
the Gli3 repressor are abrogated15e17. Since cilia are required for
both ligand-mediated activation of the pathway and Gli3-mediated
repression of target gene expression, depletion of cilia has varying
effects depending on whether activator or repressor functions are
dominant8,15,16.
Hh signaling is important for maintenance of postnatal cartilage.
A recent study reported that activation of Hh signaling is associated
with human osteoarthritis (OA) cartilage and surgically induced OA
in mice18. Furthermore, OA symptoms in the latter were alleviated
by a Hh signaling antagonist18, suggesting a strong correlation
between up-regulation of Hh signaling and OA progression.
Potential mechanisms for the up-regulation of Hh signaling in OA
were not discussed.
Here we report that depletion of primary cilia in mouse chon-
droyctes via Cre-Lox recombination of the Ift88 gene results not
only in disorganization and eventual loss of growth plate10, but also
abnormal development and maintenance of articular cartilage.
Mutant articular cartilage showed signs of early OA, including up-
regulation of Mmp13, Adamts5, ColX, and Runx2 mRNA, reduced
stiffness, and up-regulation of Hh signaling. We also demonstrate
an accumulation of Gli3 in the full-length activator form in mutant
cartilage. We propose that the altered Gli3 repressor to activator
ratio in mutant cartilage results in high Hh signaling subsequently
leading to OA symptoms.
Materials and methods
Animals
Ift88ﬂ/ﬂ mice were obtained from Dr. Bradley K Yoder, University
of Alabama at Birmingham9. Mice expressing Cre recombinase
under the control of Type II Collagen promoter (Col2aCre)19 were
obtained from Jackson labs (stock No. 003554). Experimental
crosses were set up as Col2aCre;Ift88ﬂ/wt X Ift88ﬂ/ﬂ. No hap-
loinsufﬁciency was observed on the level of protein expression
(data not shown); therefore, Col2aCre;Ift88ﬂ/wt or Ift88ﬂ/ﬂ littermates
were used as controls to compare with Col2aCre;Ift88ﬂ/ﬂ mutants.
Histology and immunostaining
Hindlimbs from mice at varying ages were ﬁxed in 4% para-
formaldehyde and placed in decalciﬁcation buffer (100 mM Tris, pH
7.5, 0.1% DEPC,10% EDTA-4 Na, and 7.5% polyvinyl pyrolidione (PVP))
on a shaker at 4C for 21 days followed by (100 mM Tris, pH 7.5, 5%
sucrose, and 10% PVP) for another 7 days before embedding in O.C.T.
embedding compound. Sections were cut at a thickness of 10 mm
(20 mm for primary cilia staining) and mounted on Superfrost Plus
slides (Fischer). For histological analysis, sections were stained with
Hematoxylin/Eosin, Sirius Red, Safranin O and Toluidine Blue as
described (http://www.ihcworld.com/). For immunoﬂuorescent
staining, mouse anti-g-tubulin antibody (Sigma, T6557), rabbit anti-
Arl13b (Ref. 20; from Dr. Tamara Caspary, Emory University), rabbit
anti-Aggrecan antibody (Chemicon AB1031), rabbit anti-Collagen
Type X (from Dr. Danny Chan, University of Hong Kong) and mouseanti-Collagen Type II antibody (clone 2B1.5, Thermo Scientiﬁc
MS-235) were used. Biotinylated anti-mouse IgG or biotinylated
anti-rabbit IgG were used as secondary antibody. Cy3 or Alexa488
conjugated streptavidin was used as ﬂuorophore. Avidin/Biotin
blocking kit (Vector Labs) was used when performing double stain-
ing. YOPRO-3 iodide (612/631) (Invitrogen) and 40,6-diamidino-
2-phenylindole (DAPI) were used for nuclear counter staining. For
Runx2 staining, mouse anti-Runx2 antibody (clone 8G5, MBL Inter-
national D130-3), biotinylated anti-mouse IgG, Vectastain ABC
systems (Vector Laboratories), and 3,30-Diaminobenzidine (DAB)
substratewereused.Methyl greenwasused for counter staining. The
pictures of primary cilia were taken by confocal microscope (Nikon
Eclipse TE 2000U, with a Perkin Elmer Ultraview spinning disc
confocal head). Labeling of fragmented DNA in apoptotic cells was
done by using TACS2 TdT apoptosis detection kit (Trevigen).Indentation test
Mice were sacriﬁced at 2 months of age and tibiae were
extracted from right hindlimbs and stored at 4C in phosphate
buffered saline (PBS) until tested. Mechanical testing was done
within 48 h. Articular cartilage was tested by indentation on
a computer controlled electromechanical test system (Bose LM1
electroforce test bench, Eden Prairie, MN) ﬁtted with a 250 g load
cell (Sensotec, Columbus, OH). The tibiae were embedded in bone
cement, mounted in a custom-made specimen chamber and
immersed in phosphate buffered saline maintained at room
temperature. The specimen chamber was ﬁxed on a custom made
X-Y stagewith micrometer control and a 360 rotating arm. A stress
relaxation test was performed using a cylindrical, impervious,
plane-ended indenter (178 mm diameter; custommade) positioned
perpendicular to the cartilage surface using a stereomicroscope.
Initially, a tare load of 0.05 g was applied and the cartilage was
allowed to come to equilibrium for 200 s. The cartilage surface was
displaced by 20 mm in four steps of 5 mmeachwith a relaxation time
of 200 s incorporated in between every step. Load values measured
instantaneously after every displacement step and at the end of
every 200 s equilibrium were converted to stress values while
strain values were calculated using the displacement steps and
cartilage thickness. Stressestrain curve was plotted separately for
both instantaneous and equilibrium values and the stiffness was
determined as the slope of the respective curves. Stiffness from
instantaneous and equilibrium values were called instantaneous
and equilibrium stiffness respectively21,22. After stress relaxation,
the indenter was replaced with a sharp tungsten needle (1 mm tip
radius) and pushed through the cartilage surface. Articular cartilage
thickness was determined by changes noted in the load-
displacement curve at the surface and tidemark.RNA extraction and real time RT-PCR analysis
Articular cartilage from knee joints of 2-month-old animals was
dissected and used for RNA extraction. Brieﬂy, the cartilage from
distal femur and proximal tibia was sliced from subchondral bone
using a surgical blade. Needle and syringe were used to ﬂush out
the bone marrow. The cartilage pieces were digested in DMEM/F12
(Gibco) with 3 mg/mL Collagenase D (Roche) at 37C for 3 h. The
chondrocytes were collected by centrifuging the medium at 500g
for 5min, and resuspended in Trizol reagent (Invitrogen). RNAwas
extracted according to the manufacturer’s protocol, and treated
with DNase I before real time reverse transcription polymerase
chain reaction (RT-PCR) analysis. All the primers for real time
RT-PCR were designed so that the product would cross intron
boundaries (Table I).
Table I
Primer sequences for real time RT-PCR
Bcl-2 forward TTGTGGCCTTCTTTGAGTTCGGTG
Bcl-2 reverse AATCAAACAGAGGTCGCATGCTGG
Mmp13 forward CTTCTTCTTGTTGAGCTGGACTC
Mmp13 reverse CTGTGGAGGTCACTGTAGACT
Adamts5 forward TGTGAGAACTGGATGTGACG
Adamts5 reverse ACTGTCGGACTTTTATGTGGG
ColX forward ACCAAACGCCCACAGGCATAAA
ColX reverse ACCAGGAATGCCTTGTTCTCCT
Runx2 forward CACTGCCACCTCTGACTTC
Runx2 reverse ATTCGTGGGTTGGAGAAGC
Nckx3 forward TCGTCCCATCCTTGGAAAAG
Nckx3 reverse AACTCCCACATCACCCTTTG
Ptch1 forward AAAGAACTGCGGCAAGTTTTTG
Ptch1 reverse CTTCTCCTATCTTCTGACGGGT
Gli1 forward CCAAGCCAACTTTATGTCAGGG
Gli1 reverse AGCCCGCTTCTTTGTTAATTTGA
beta-2 microglobulin (b2m) forward TTCTGGTGCTTGTCTCACTGA
b2m reverse CAGTATGTTCGGCTTCCCATTC
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480 (Roche) were used to perform real time RT-PCR. RNA samples
from three controls and three mutants were analyzed in triplicate.
Data analysis was done using REST 2009 software (Qiagen; Ref. 23),
which allows statistical comparison of gene expression in groups of
controls and mutants. All the genes were normalized to the
expression of b2m. Data were presented by whisker-box plots. Top
and bottom whiskers represented the maximum and minimum
observations, respectively, and the box represented the middle 50%
of observations. Median was shown by a dotted line.
Western blotting
The epiphyseal cartilage was isolated from postnatal 7-day-old
mice and used for protein extraction. Limbs were dissected and
digested in DMEM/F12with 2mg/mL pronase (Roche) and 2mg/mL
Collagenase D at 37C for 1 h. Epiphyseal cartilagewas removed and
digested in DMEM/F12 with 3 mg/mL Collagenase D at 37C for
another 3 h. Cells were collected by passing the digesting medium
through 40 mm cell strainer and centrifuge at 500g for 5 min. Cell
pellet was resuspended in Radioimmunoprecipitation assay buffer
(RIPA; 50mM Tris, 150mM NaCl, 0.1% sodium dodecyl sulfate, 0.5%
sodium deoxycholate, 1% Triton X 100) containing protease and
phosphatase inhibitors, and sonicated for 10 s. After centrifuge at
12,000g, 4C for 10 min, the supernatant was collected and 100 mg
protein from each sample was used for western blotting. Goat
polyclonal anti-Gli3 antibody (R&D) was used to detect both Gli3
full length and processed repressor forms. The ratio of Gli3
repressor to Gli3 full length was quantiﬁed using Kodak Molecular
Imaging software.
Statistical methods
For measurements of primary cilia frequency, cell number, cell
size, cartilage stiffness, and cartilage thickness, statistical analysis
was performed by Student’s t test. A P-value of less than 0.05 was
determined to be signiﬁcant.
Combined real time RT-PCR data from the three biological
replicates (each done with three technical replicates) were
analyzed using REST software, which normalizes results and
calculates the relative fold difference in gene expression, conﬁ-
dence intervals and statistical signiﬁcance across experiments
using an integrated randomization and bootstrapping algorithm23.
REST software enables statistical comparison of different genes
between multiple groups. Instead of a parametric test, REST soft-
ware performs radomisation tests (at least 2000 randomizations)on group-wise data and calculates expression ratio of target genes
as compared to a reference gene along with the P-values. Differ-
ences were considered signiﬁcant for P-value <0.05.
Results
Depletion of primary cilia on chondrocytes results in abnormal
articular cartilage
Depletion of primary cilia in articular cartilagewas conﬁrmed by
immunoﬂuorescent staining on knee joints from 2-month-old
mice. Primary cilia were seen as either green short lines or
concentrated spots, and cilia basal bodies were seen as red spots of
g-tubulin [Fig. 1(A) and (C)]. In Col2aCre;Ift88ﬂ/ﬂ articular cartilage,
primary cilia were absent, but cilia basal bodies were still intact
[Fig. 1(B) and (D)]. Depletion of primary cilia in mutants was also
demonstrated by calculating the percentage of cells with cilia in
tissue sections [Fig. 1(E)]. In control, cilia were present on
24.1  7.5% cells, whereas in mutant, 2.1  1.1% of the cells had
visible cilia, indicating that most primary cilia were deleted in
mutant cartilage (t-test, P ¼ 0.0002).
Tissue morphology was compared between control and mutant
mice using Hematoxylin/Eosin staining [Fig. 2(A)e(D)]. At postnatal
7 days, mutant mice demonstrated alterations in growth plate
architecture10. We also noticed delayed formation of the secondary
ossiﬁcation center (SOC) and increased hypertrophic area within
SOC in 2-week-old mice, likely due to failure to remove hypertro-
phic cells (data not shown). At 2 months of age, articular cartilage
was fully developed in both control and mutant mice [Fig. 2(A) and
(B)]. However, the shape of joints in mutants was altered. The
femoral head in mutants did not show a smooth round surface as
observed in control mice, and the tibial head was bowl shape
instead of a plateau [Fig. 2(B)]. The mutant articular cartilage also
showed increased thickness [Fig. 2(C) and (D), double arrows, and
Fig. 3(G)], cell density [Fig. 2(E)] and cell size [Fig. 2(F)]. The
increased thickness of the articular cartilage was likely due to
reduced apoptosis, as measured by Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining [Fig. 2(G)e(J)].
In control cartilage, apoptosis was detected in cells in the deep
calciﬁed layer [Fig. 2(G) and (I)], whereas TUNEL staining was not
detected in mutant cartilage [Fig. 2(H) and (J)]. Real time RT-PCR
indicated an increase in expression of the anti-apoptotic protein,
Bcl-2, (1.6 fold, P ¼ 0.012) further suggesting apoptosis was
inhibited in the mutants. We did not observe changes in prolifer-
ation at any age tested (data not shown).
Col2aCre;Ift88ﬂ/ﬂ mice show OA symptoms
The histological changes observed in mutant articular cartilage
suggested that the cartilage may acquire an OA-like phenotype.
Expression of markers for OA was measured by real time RT-PCR.
Data showed that the expressions of Mmp13, Adamts5, Col10, and
Runx2 were all increased in mutant articular cartilage [Fig. 3(A)].
Runx2 and Collagen Type X were also localized by immunostaining
[Fig. 3(B)e(E)]. In control mice, Runx2 was only localized to cells in
the calciﬁed region of the cartilage as well as in the subchondral
bone; Collagen Type X was found in the deep layers of the cartilage
and was predominantly pericellular. In mutant mice, Runx2 and
Collagen Type X were localized in cells spanning the thickness of
the articular cartilage. In addition, Collagen Type X was localized to
the cartilage matrix in between the cells. The up-regulation of
Collagen Type X suggested inappropriate hypertrophic differenti-
ation in the cartilage consistent with the observation of increased
cell size. Articular cartilage is normally maintained in a prehyper-
trophic state and hypertrophy is one of the signs of OA. We also
Fig. 1. Primary cilia are deleted in Col2aCre;Ift88ﬂ/ﬂ articular cartilage.
Sections from 2-month-old control or Col2aCre;Ift88ﬂ/ﬂ mutant mice were used for immunostaining of primary cilia (AeD). Primary cilia were stained with anti-Arl13b antibody
(green), and the basal bodies were stained with anti-g-tubulin antibody (red). The nuclei were stained with DAPI (blue). Primary cilia were seen as either green dots (arrowheads) or
short green lines (arrows) next to the red basal bodies in control articular cartilage. In mutant (B), primary cilia were deleted; however, the basal bodies were still intact (arrows).
(C) Close view of primary cilium, which is absent in mutant (D). (Scale bar in AeD: 5 mm). (E) Percentage of ciliated cells in control and mutant articular cartilage. Five microscopic
ﬁelds were randomly chosen along tibial cartilage, and there were least 40 cells in each ﬁeld. In control, 24.1 7.5% cells were ciliated, whereas in mutant, there were only 2.1 1.1%
ciliated cells, indicating that most primary cilia were deleted in mutant cartilage (t-test, P ¼ 0.0002).
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ties of the articular cartilage. The instantaneous and equilibrium
stiffness were measured by a micro-indenter with four-step
displacement. The result showed that both instantaneous and
equilibrium stiffness were signiﬁcantly decreased in mutant artic-
ular cartilage relative to controls [Fig. 3(F) and (G)].
Increased cellular anabolic rate is a feature of early OA and
represents an attempt by chondrocytes to repair cartilage24e26.
Proteoglycans and Collagens were stained by Safranin O, Toluidine
Blue, and Sirius Red [Fig. 4(A)e(D), (G), (H)]. Safranin O and Tolui-
dine Blue showed increased staining in mutant articular cartilage
suggesting an increase in proteoglycan content [Fig. 4(A)e(D)].
Likewise, immunostaining for Aggrecan demonstrated increased
pericelluar and interterritorial staining throughout the mutant
cartilage. [Fig. 4(E) and (F)]. The overall Sirius Red staining
appeared similar between control and mutant articular cartilage
[Fig. 4(G) and (H)]. However, immunoﬂuorescent staining using an
antibody to Collagen Type II indicated an increase in pericellular
Collagen staining [Fig. 4(I) and (J)]. With the use of the abovestaining, we determined the OA status in mutant mice using the
grading system developed by27. Mutant cartilage at 2 months
(Figs. 3 and 4) demonstrated intact articular surface, increased
proteoglycan staining, increased hypertrophic cells, and >50%
involvement. According to the grading system, cartilage from
2-month-old mutants was classiﬁed at Grade 1; Stage 4 (Mankin
score ¼ 4).
Hh signaling is up-regulated in articular cartilage of Col2aCre;Ift88ﬂ/ﬂ
mice
Primary cilia can regulate both the ligand-mediated activation
and ligand-independent repression of Hh signaling depending on
the cell context (Reviewed in Ref. 8). It was recently shown that up-
regulation of Hh signaling is associated with inappropriate hyper-
trophic differentiation and OA18. Therefore, we compared the level
of Hh signaling in articular cartilage from control and Col2a-
Cre;Ift88ﬂ/ﬂ mice. Expressions of downstream targets and markers
of Hh signaling, Ptch1 and Gli1, were examined by real time RT-PCR
Fig. 2. Deletion of primary cilia in chondrocytes results in abnormal articular cartilage.
Hematoxylin and Eosin staining of sections from 2-month-old control (A, C) and mutant (B, D) articular cartilage. The proximal tibia of mutant mice showed abnormal shape (B) and
thicker cartilage (D, double arrow), compared to control mice (A, C). (E, F) Cell number and cell size were increased in mutant articular cartilage. The cell density (E) of articular
cartilage from proximal tibia was compared in three controls and three mutants. The cell number was counted in three microscopic ﬁelds (one ﬁeld ¼ 1 104 mm2), which spanned
the articular surface to the deep zone. Data are presented as individual points from each ﬁeld from each mouse. An increase in cell density was observed in mutant articular cartilage
(**t-test, P ¼ 0.005). (F) Cell size was measured using Olympus imaging software (cellSens standard). Each data point represents the average cell size in each ﬁeld counted in (E).
The result indicated that cell size was increased (***t-test, P ¼ 0.0001) in mutant articular cartilage. Apoptotic cells were measured using the TUNEL assay on sections from control
(G, I) and Col2aCre;Ift88ﬂ/ﬂ (H, J) knee joints. I and J are high magniﬁcation images from the boxed area in G and H, respectively. Apoptosis was seen in hypertrophic cells within the
calciﬁed zone in control articular cartilage; however, no apoptosis was detected in the corresponding area in mutants. (Scale bar in A and B: 200 mm; in C, D, and GeJ: 20 mm).
Fig. 3. Markers of OA are increased in Col2aCre;Ift88ﬂ/ﬂ articular cartilage.
(A) RNA was isolated from articular cartilage of 2-month-old mice and markers of OA Mmp13, Adamts5, ColX and Runx2 were determined by real time RT-PCR. The markers were all
increased in mutant articular cartilage (n ¼ 3 separate mice). The expression of Nckx3 (sodium/potassium/calcium exchanger 3) was used as a control gene and was not altered in
mutants. Data are presented by whisker-box plots. Top and bottom whiskers represent the maximum and minimum observations, respectively, and the box represents the middle
50% of observations. Median is shown by a dotted line. Runx2 (B, C) and type X Collagen (D, E) expression were visualized by immunostaining. In control articular cartilage, Runx2
was expressed in chondrocytes in the calciﬁed region (B, bottom right: magniﬁed box area), and type X Collagen was expressed in hypertrophic area (D). In mutant articular
cartilage, Runx2 expression was seen in cells in the midzone (C, bottom right: magniﬁed box area), and type X Collagen was seen throughout the cartilage (E). (Scale bar in BeE:
10 mm). (F, G) Mechanical properties were altered in Col2aCre;Ift88ﬂ/ﬂ articular cartilage compared to controls. Mechanical properties were tested on articular cartilage of tibiae from
2-month-old mice. Individual data points from four controls and ﬁve mutants are presented. Instantaneous and equilibrium stiffness were signiﬁcantly lower in mutant cartilage
(F) (t-test, *P ¼ 0.032 and **P ¼ 0.004, respectively). The thickness was also measured (G), showing an increase in mutants (*t-test, P ¼ 0.028).
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suggesting overactive Hh signaling in the absence of primary cilia.
The Gli3 repressor is a key regulator of Hh signaling in the
skeleton28,29. Moreover, mice with genetic ablation of Gli3 showed
high frequency of synovial chondromatosis30, in which expressionof Ptch1 and Gli1 were elevated in metaplastic cartilage nodules.
Therefore, we compared the levels of Gli3 protein in control and
cilia mutant cartilage. In epiphyseal cartilage of postnatal 7 day
Col2aCre;Ift88ﬂ/ﬂmice, therewas an accumulation of full length Gli3
[Fig. 5(B)], which resulted in a reduced ratio of Gli3 repressor to Gli3
Fig. 4. Expressions of matrix proteins are increased in Col2aCre;Ift88ﬂ/ﬂ articular cartilage.
The expression of matrix proteins was examined by histochemistry and immunostaining. Proteoglycans were examined by Safranin O (A, B) and Toluidine Blue staining (C, D). The
staining showed an increase in pericellular and interterritorial proteoglycan content, which may be due to increased expression of Aggrecan protein, as shown in (E, F). The
pericellular staining of Aggrecanwas also increased in mutant, compared to control. (G, H) Collagens were stained with Sirius Red. The staining showed more pericellular staining in
the mutant articular cartilage, compared to control. (I, J) Immunostaining of Type II Collagen indicates that the increase in pericelluar Collagen content may due to the increased
expression of Type II Collagen. Scale bars in A, B equal 200 mm. Scale bars in CeJ equal 20 mm.
Fig. 5. Hh signaling is up-regulated Col2aCre;Ift88ﬂ/ﬂ articular cartilage.
(A) The expression of downstream targets of Hh signaling, Ptch1 and Gli1, was deter-
mined in RNA samples from articular cartilage. The result indicated that Hh signaling
was up-regulated in mutant articular cartilage relative to controls. Data are presented
by whisker-box plots. Top and bottom whiskers represent the maximum and
minimum observations, respectively, and the box represents the middle 50% of
observations. Median is shown by a dotted line. (B) Gli3 full length and processed
repressor forms were determined in postnatal 7 days epiphyseal cartilage from three
control and two mutant mice using western blot. The data showed an accumulation of
the full length Gli3 form, resulting in alterations in the ratio of the full length to
repressor forms in the absence of primary cilia. Western blot also conﬁrmed reduced
expression of Ift88 in the mutant cells. GAPDH was used as a loading control.
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required formaintaining a proper ratio of Gli3 repressor to activator
in cartilage, and that OA-related symptoms are at least in part due
to defective Gli3 processing and inappropriate activation of Hh
signaling.Discussion
The formation of articular cartilage occurs in the postnatal stage
of long bone development when the SOC forms in the epiphyseal
cartilage and articular cartilage is separated from the growth plate.
The growth plate is a transient cartilage that is responsible for
longitudinal growth of long bones. Articular cartilage is a perma-
nent cartilage that serves as a cushion within the joints. While
many studies have focused on the degeneration of articular carti-
lage, little is known about its development. In this study, we show
that primary cilia are depleted in the articular cartilage of Col2a-
Cre;Ift88ﬂ/ﬂ mice, which results in abnormal development of artic-
ular cartilage. The shape of the knee joint is altered. The thickness
and cell density within the cartilage layer are both increased in
mutants, likely due to reduced apoptosis. Mutant articular cartilage
also shows symptoms of inappropriate hypertrophic differentiation
and OA, including reduced matrix stiffness and increased expres-
sions of markers of hypertrophic differentiation: Mmp13, Adamts5,
ColX, and Runx2. OA was recently associated with increased Hhsignaling18 and Col2aCre;Ift88ﬂ/ﬂ mice demonstrate increased Hh
signaling and reduced Gli3 repressor to activator ratio. We propose
that OA symptoms in Col2aCre;Ift88ﬂ/ﬂ mice are due to the reduced
ratio of Gli3 repressor over the full length Gli3 activator resulting in
increased Hh signaling.
Unlike growth plate cartilage, which stops activity after
adolescence, articular cartilage is a permanent cartilage functioning
throughout the postnatal life. Homeostasis of articular cartilage is
highly regulated to ensure cartilage integrity. In normal articular
cartilage, the rates of cell differentiation and matrix turnover are
extremely low compared to that of a metabolically active growth
plate. During progression of OA, however, chondrocytes acquire
phenotypes of growth plate chondrocytes including an increase in
both anabolic and catabolic agents, and inappropriate hypertrophic
differentiation24e26. The early stages of OA are often associated
with increased expression of extracellular matrix (ECM) proteins
like Aggrecan and Collagen Type II, representing an attempt by
chondrocytes to repair their environment. Here we show increased
staining for Collagen Type II and Aggrecan in mutant cartilage at
2 months of age. We also show an increase in catabolic agents,
MMP13 and Adamts5, as well as markers of hypertrophic differ-
entiation including Type X Collagen and Runx2 in Col2aCre;Ift88ﬂ/ﬂ
articular cartilage. Increased expression of the anti-apoptotic factor
Bcl-2, as a result of chondrocyte activation, is also featured in early
stage of OA31,32 and there was less apoptotic activity and increased
expression of Bcl-2 in cilia mutants. Together the results suggest
that Col2aCre;Ift88ﬂ/ﬂ mice develop an early OA-like condition.
Alterations in mechanical properties of cartilage have been
observed in animal models of OA33. In the present study, stress
relaxation tests performed with an impervious indenter revealed
a decrease in the stiffness of Col2aCre;Ift88ﬂ/ﬂ cartilage. Though
immunostaining showed an increase in Aggrecan and CollagenType
II, we do not know how the Collagen ﬁbril orientation or the
Collagen-proteoglycan network, which can inﬂuence the mechan-
ical integrity of the tissue, was affected21,33,34. Changes in
chondrocyte size or shape and cartilage thickness, as observed
by histology and needle method respectively, could also have
an impact onmechanical properties. Additional studies are required
to delineate which of these factors directly affected the mechanical
properties of articular cartilage in the Col2aCre;Ift88ﬂ/ﬂ mutants.
Col2aCre;Ift88ﬂ/ﬂ mice show alterations in cartilage morphology
around postnatal day 7 when they start to walk and receive
signiﬁcant loading on joints. Therefore, it is possible that the
cartilage phenotype observed is a result of alterations in the
transmission of mechanical signals through primary cilia. A role for
chondrocyte primary cilia in sensing mechanical signals has been
proposed by observations of cilia orientation and projection within
the cartilage matrix13,35e38. In articular cartilage, primary cilia in
the superﬁcial layer point away from the articular surface while
primary cilia on chondrocytes in the mid or deep zone of load
bearing joints can be pointed toward the articular surface or toward
the subchondral bone37. Orientation is not consistent in non-load
bearing cartilages. Furthermore, mechanical loading in vitro was
shown to result in alterations in the length of primary cilia39.
Disruptions to primary cilia function have been shown to result in
abnormalities in weight bearing cartilage10,38,40. A recent study
indicated that the incidence and length of primary cilia are
increased in OA tissue but the function of the primary cilia in OA
progression was not addressed11. The question of whether chon-
drocyte primary cilia sense mechanical signals and the conse-
quences of loss of such signals for OA is still unclear.
Excess Hh signaling and inappropriate hypertrophic differenti-
ation can lead to OA, as recently shown18. In embryonic growth
plate, Hh inhibits hypertrophic differentiation though regulation of
PTHrP expression. In contrast, in postnatal cartilage, a PTHrP-
C.-F. Chang et al. / Osteoarthritis and Cartilage 20 (2012) 152e161160independent pathway becomes dominant and Hh signaling
promotes chondrocyte hypertrophy41. One way to maintain a low
level of Hh signaling is with a high ratio of Gli3 repressor to acti-
vator. Gli3 has been shown to repress Ptc1 and Gli1 and other
downstream targets of Hh in several model systems15,28,29,42. Mice
carrying mutation of Gli3xt/xt have reduced expression of Gli3 and
a phenotype resembling overactive Hh signaling43. Gli3xt/xt mice
also develop synovial chondromatosis, in which Gli1 and Ptch1
expressions are elevated in metaplastic cartilage nodules30.
Together the studies suggest that a high ratio of Gli3 repressor to
activator activity could help to prevent OA. Consistent with this
hypothesis, we show that loss of primary cilia in articular cartilage
leads to low Gli3 repressor/activator ratio, increased Hh signaling,
and predisposition to OA-related symptoms. A direct test of the role
of Gli3 repressor in mediating the consequences of cilia depletion
would be to misexpress a constitutive Gli3 repressor in Col2a-
Cre;Ift88ﬂ/ﬂ cartilage and see if development of OA-like symptoms is
blocked.
Indian Hedgehog (Ihh) ligand is a marker of cells that have been
committed to hypertrophy. It is likely that Ihh expression is
increased in Col2aCre;Ift88ﬂ/ﬂ cartilage as a consequence of the
increased hypertrophic differentiation observed. This increase in
ligand could cause an indirect increase in Hh signaling; however, it
is unlikely that the mutant chondrocytes, which lack cilia, would
respond to an increase in Hh ligand. In the presence of Hh ligand,
ligand binds to its receptor Ptc on the cell surface. This allows
derepression of Smo, which moves into the primary cilia and
releases Glis from the inhibitor, Sufu44. In addition to loss of the
Gli3 repressor, in the absence of primary cilia, ligand-dependent Hh
signaling cannot be activated (Reviewed in Ref. 8). For example, cilia
depleted limb mesenchyme does not respond to exogenous Shh
treatment15. It is not clear what happens to full length Gli3 activator
in the absence of the cilium. There are two possibilities for
increased Ptc1 and Gli1 expression in Col2aCre;Ift88ﬂ/ﬂ cartilage: (1)
The full length Gli3 can go to the nucleus and activate transcription
or (2) The absence of the repressor is enough to derepress (thereby
increase) expression of Ptc1 and Gli1 similar to what occurs in
chondromatosis in Gli3xt/xt mice.
In summary, our study shows that primary cilia are important
for development and maintenance of the articular cartilage and
regulation of Hh signaling. We propose that Gli3 repressor is a key
regulator of Hh signaling in articular cartilage and the proper ratio
of Gli3 repressor/activator depends on the function of primary cilia.
The results suggest that depletion of primary cilia results in
a reduced ratio of Gli3 repressor/activator, which at least in part
contributes to OA symptoms in Col2aCre;Ift88ﬂ/ﬂ mice.Author contributions
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